Summary. Ninhydrin, a compound which shares chemical properties strikingly similar to alloxan was found to mimic basically the inhibitory effect of alloxan on glucose-induced insulin release. Exposure of pancreatic islets for five minutes to 85 ~tmol/1 ninhydrin produced approximately ninety percent inhibition of subsequent glucose-induced insulin release without altering basal secretion. Both D-glucose and D-mannose provided substantial protection against the inhibitory effect of ninhydrin, and the alpha anomer of D-glucose was more effective than the beta anomer in preventing ninhydrin inhibition of insulin release. Evidence for a common site of inhibition by ninhydrin and alloxan in the insulin release process is discussed.
Alloxan has been established as a diabetogenic agent, in vivo, [1] and this diabetogenic action of alloxan is prevented by the prior administration of the hexoses; D-glucose, D-mannose, and 3-0-methyl-D-glucose [2] [3] [4] [5] . More recently, the protection provided by D-glucose against the diabetogenic action of a|loxan has demonstrated anomer preference with alpha D-glucose providing more protection at lower concentrations than beta D-glucose [6] [7] .
To relate the chemical properties of alloxan to its biological effect, early studies were directed at comparing the diabetogenic action of compounds similar in structure and chemical reactivity to alloxan. An agent of significant interest in these in vivo studies was ninhydrin, a compound which shares chemical properties strikingly similar to those of alloxan [8] . Both compounds ( Fig. 1 ) possess a reactive moiety, i. e. a gem-diol adjacent to two carbonyl groups, demonstrate oxidative properties [9, 10] , form addition products with the guanidino group of arginine [11] , react with thiol groups by both oxidative and/or additive mechanisms [12] , and mediate the Strecker reaction [9, 10] . In early studies, ninhydrin was evaluated as a diabetogenic agent at concentrations comparable to those of alloxan. The administration of ninhydrin was accompanied by acute toxicity, and only occasional episodes of transitory hyperglycaemia were observed [13] .
Recent in vitro studies demonstrated that exposure of isolated rat pancreatic islets to alloxan for five minutes inhibits subsequent glucose-induced insulin secretion [14, 15] . The presence of a high concentration of either D-glucose, D-mannose, or 3-0-methyl-D-glucose during this brief alloxan-exposure provided almost complete protection of the beta cells from the inhibitory effect of alloxan. The in vitro protection by D-glucose against alloxan also shows anomer preference in that alpha D-glucose is more effective than beta D-glucose in preventing inhibition of insulin release [14, 16] .
The purpose of the present investigation was to determine the in vitro effect of ninhydrin on glucose-induced insulin release in isolated islets of Langerhans. The effect of ninhydrin was determined Following a 15 min pre-incubation period, islets were exposed to ninhydrin at the designated concentration for 5 min, the medium removed, and the islets were then incubated in medium containing D-glucose (27.5 mmol/1) for 30 min. The average rate of glucose-induced insulin release in untreated islets was 3.58+0.28 (n=24) ~U/islet/min. The values represent the mean + SEM with the number of observations indicated in parenthesis both in the absence and presence of hexoses under conditions which have been employed in the evaluation of alloxan.
Methods
Isolated pancreatic islets were obtained by collagenase digestion [17] from adult (200-300 g) male Wistar rats allowed food and water ad libitum. Static incubations were performed in a Krebs-Ringer bicarbonate (KRB) medium [16] containing crystallized bovine plasma albumin (5 mg/ml) and maintained at pH 7.4 by equilibration with a mixture of 95% 02 and 5% CO2. Following isolation, islets were transferred with the aid of a glass loop and dissection microscope to round-bottom vials (11 mm dia• 20 mm height) which contained 200 ~tl of KRB medium supplemented with D-glucose (5.5 mmol/1). Each vial contained 20-25 islets and I2-15 vials were employed per experiment. The vials were placed in scintillation vials equipped with rubber stoppers for gassing and maintained at 37 ~ C in a Dubnoff metabolic shaker (100 strokes/min) water bath. Removal and addition of medium (200 ~tl) was accomplished with a constriction pipette.
The basic protocol consisted of a preincubation period of 15 minutes performed in a glucose-free medium. Following this preincubation period, the medium was removed and replaced with medium containing either ninhydrin alone or, in the protection studies, ninhydrin in the presence of a hexose for the five minute exposure period. The medium was then removed and replaced with medium containing D-glucose (27.5 mmol/1) for a 30 min insulin stimulation period. Insulin release from islets exposed to ninhydrin alone or ninhydrin in the presence of a hexose was compared to that of a parallel group of islets in which the ninhydrin exposure period was omitted. At the termination of the stimulation period, the medium was removed and frozen for "insulin assay by the method of Wright et al. [18] . Results are expressed as ~tU insulin/islet/minute, and percent protection was calculated from the following equation:
(rate stimulated release -basal rate {Exp.})
• 100% (rate stimulated release -basal rate (Control}) Ninhydrin (triketohydrindene hydrate, Fischer Scientific) was prepared in distilled water and added to the KRB medium at the appropriate concentration just prior to use. Both the stability and final ninhydrin concentration were based on the U.V. spectrum at 232 nm, E = 3.4 X 104 litre:mo1-1 cm -1, [10] . All hexoses were obtained from Sigma Chem. Co., St. Louis, Mo. with the exception of Dglucose, National Bureau of Standards, Washington, D.C., and D-allose, P and L Biochem., Milwaukee, Wisconsin. Alpha and beta D-glucose stock solutions were prepared 15 min prior to use and maintained on ice until added to the incubation medium.
Results
In initial studies, the in vitro effect of ninhydrin concentration on glucose-induced insulin release was determined. In this study (Table 1) , the average rate of glucose-induced insulin release in control (nonninhydrin exposed) islets was 3.58 _+ 0.28 ~tU per islet per minute (n = 24). A basal rate of insulin release determined over the preincubation period in a glucose-free medium was approximately 0.4 pU per islet per minute. Exposure of islets to 25 btmol/1 ninhydrin for 5 minutes produced 53.9% inhibition of subsequent glucose-induced insulin release which approximates the inhibitor K, of ninhydrin, i.e. the concentration producing one-half maximal inhibition. Exposure of islets to 85 btmol/1 ninhydrin produced 89.2% inhibition of subsequent glucose-induced insulin release and did not affect basal insulin release. This concentration of ninhydrin (85 ~tmol/1) was chosen for the subsequent evaluation of hexoses in preventing inhibition of glucose-induced insulin release by ninhydrin. In the dose response study, concentrations of ninhydrin greater than 85 ~tmol/1 produced complete suppression of insulin release.
In the following experiments, the ability of eight hexoses to protect against the inhibitory effect of ninhydrin was determined. In this protocol, D-glucose was evaluated during the pulse period at a con- Islets were exposed to ninhydrin (85 ~mol/1) for five minutes in the absence and presence of a designated hexose (27.5 mmol/1), or the ninhydrin exposure was omitted (control). The medium was removed, and islets were then incubated in medium containing D-glucose (27.5 mmol/1) for 30 rain. The rate of insulin release from islets exposed to nmhydrin alone was equated to basal release in calculating percent protection. The values represent the mean + SEM with the number of observations in parenthesis centration of 27.5 mmol/1, which has been shown to provide almost complete protection against the in vitro effect of alloxan [14] . The remaining hexoses were evaluated at this same concentration. In these studies, three experimental conditions were employed during the five minute exposure interval: islets were exposed to ninhydrin (85 ~tmol/1) alone, exposed to ninhydrin in the presence of the indicated hexose, and the ninhydrin-exposure interval was omitted. As shown in Table 2 To evaluate further the in vitro inhibition of insulin release by ninhydrin, the relative protective effects of the anomers of D-glucose were examined. Islets were exposed to ninhydrin (85 ~tmol/1) for an exposure interval of five minutes in the presence of either alpha or beta D-glucose. The relative protective effect of these anomers of D-glucose in preventing ninhydrin inhibition of insulin release was then determined. As indicated in Table 3 , the presence of alpha D-glucose during the ninhydrin exposure interval resulted in a 56 percent increase in insulin release compared to beta D-glucose at anomer concentrations of 11 mmol/1. When the anomer concentration was increased to 13.7 mmol/1, the concomitant presence of alpha D-glucose and ninhydrin (85 ~tmol/1) resulted in a 95 percent increase in insulin release compared to beta D-glucose under identical conditions. 
Discussion
These results indicate that ninhydrin at micromolar concentrations is very effective in inhibiting glucoseinduced insulin release in pancreatic islets. These resuits further suggest that in vivo evaluation of ninhydrin as a diabetogenic agent would require a detailed dose-response and that this dose response would most likely not parallel that of the more labile diabetogenic agent, alloxan. At physiological conditions of pH 7.4 and a temperature of 37 ~ C, the tl/2 decomposition rate of alloxan is approximately one minute [19] . Although alloxan and ninhydrin share striking similarities in chemical reactivity due to an identical reactive moiety (Fig. 1) , ninhydrin does not undergo the internal rearrangement responsible for the extreme lability of the alloxan molecule.
In this study, both D-glucose and D-mannose provided substantial protection (68 and 44 percent, respectively) against the inhibitory effect of ninhydrin. D-glucose and D-mannose have been shown to prevent the deleterious action of alloxan [2-5, 14, 15] both in vivo and in vitro. On the basis of the protection afforded by these insulin secretagogues, a common site of inhibition by ninhydrin and alloxan is suggested.
Recent in vitro [14, 16] and in vivo [6, 7] studies have indicated a definite anomer specificity favouring alpha D-glucose compared to beta D-glucose in preventing alloxan inhibition of insulin release. In the present study, alpha D-glucose was significantly more effective in preventing inhibition of insulin release by ninhydrin than beta D-glucose. It is of significance that in both in vivo and in vitro studies the insulinotrophic effect of D-glucose demonstrates this same anomer specificity [16, [20] [21] [22] [23] [24] . The lack of significant protection by the hexoses: L-glucose, D-fructose, D-galactose, and 2-deoxy-D-glucose is also compatible with the small degree or absence of protection provided by these same hexoses in the presence of alloxan [15] . In addition, D-allose, the C-3 epimer of glucose, neither stimulates insulin release nor protects against alloxan in isolated islets (unpublished data), and does not protect against ninhydrin.
In the present study, 3-0-methyl-D-glucose provided no protection against the inhibitory effect of ninhydrin, whereas 3-0-methyl-D-glucose protects both in vivo and in vitro against the action of alloxan. Since 3-0-methyl-D-glucose provides protection against the inhibitory effect of alloxan, and not ninhydrin, the present findings suggest that 3-0-methyl-D-glucose protects against alloxan by a mechanism different from that of the insulin secretagogues, D-glucose and D-mannose.
The present evidence which supports a common site of inhibition of insulin release by ninhydrin and alloxan are: 1) the similarity in chemical reactivity of the two compounds 2) protection by D-glucose and D-mannose against the biological effects of these agents and 3) the ability of the alpha anomer of D-glucose to prevent preferentially inhibition by these agents in comparison to the beta anomer. This evidence would suggest that inhibition by ninhydrin and alloxan is produced at a common site in the insulin release process.
